The velocity field inside a torque converter pump was studied for two separate effects: variable pump rotational speed and variable oil viscosity. Three-dimensional velocity measurements were taken using a laser velocimeter for both the pump mid-and exit planes. The effect of variable pump rotational speed was studied by running the pump at two different speeds and holding speed ratio (pump rotational speed]turbine rotational speed) constant. Similarly, the effect of viscosity on the pump flow field was studied by varying the temperature and]or using two different viscosity oils as the working fluid in the pump. Threedimensional velocity vector plots, through-flow contour plots, and secondary flow profiles were obtained for both pump planes and all test conditions. Results showed that torque converter mass flows increased approximately linearly with increasing pump rotational speed (and fixed speed ratio) but that the flow was not directly proportional to pump rotational speed. However, mass flows were seen to decrease as the oil viscosity was decreased with a resulting increased Reynolds number; for these conditions the high velocity regions were seen to decrease in size and low velocity regions were seen to increase in size. In the pump mid-plane strong counter-clockwise secondary flows and in the exit plane strong clockwise secondary flows were observed. The vorticities and slip factors were calculated from the experimental results and are presented. The torque core-to-shell and blade-to-blade torque distributions were calculated for both planes. Finally, the flow fields were seen to demonstrate similitude when Reynolds numbers were matched.
INTRODUCTION
The torque converter is a single stage, hydrodynamic turbomachine with two rotating components and one stationary component and are commonly used in automobiles with automatic transmissions. The automotive torque converter function and application is described in detail in Part I of this paper (Ainley et al., 1998 Previous torque converter studies were reviewed in Part ! of this paper and are not presented here for the sake of brevity. Static and dynamic pressure measurements were taken in the stator, pump and turbine of the torque converter by , , Marathe et al. (1996) , and Marathe and Lakshminarayana (1995) . Laser velocimeter measurements were taken by Bahr et al. (1990) , Gruver et al. (1996) , Brunet al. (1996) and Ainley et al. (1998) . In all of the above the flow fields were found to be highly threedimensional and strong secondary flows were found.
Ainley et al. (1998) used the same apparatus as Bahr et al. (1990) and Gruver et al. (1996) to measure velocities in the pump of the torque converter. In the mid-and exit planes of the pump, the effect of various speed ratios (0.200, 0.400, 0.600 and 0.800) with a constant pump rotational speed was studied. A laser velocimeter was used to measure three components of velocity within the pump mid-and exit planes. Mass flows for both planes at all four speed ratios were calculated from the velocity data and were found to decrease as the speed ratio was increased. The mid-plane was found to have strong counter-clockwise secondary flows and the exit plane was found to have strong clockwise secondary flows for all conditions. The vorticity and slip factors were calculated from the data and are presented.
Research Objectives
Two separate effects on the torque converter pump mid-and exit plane flow fields were studied. For the pump rotational speed effect study, the speed ratio was held constant at 0.800 and the pump was run at three different rotational speeds (1100, 550 and 314 rpm). Three-dimensional velocity profiles, secondary flows, and through-flow contour plots are presented in this paper and discussed. For the oil viscosity effect study, the nominal working oil was replaced with a lower viscosity oil and heated to 3 different temperatures in order to vary the viscosity. Speed ratios of 0.065 and 0.800 were studied in both the mid-and exit planes for this part of the study. Through-flow velocity plots for the second part of the study are presented and discussed. Mass flows for all cases studied were calculated and are presented. Vorticity, slip factors, and torque flux distributions were calculated from the velocity data and are also presented and discussed.
EXPERIMENTAL FACILITY
The torque converter rig and laser velocimeter (LV) system were described in detail in Part I of this paper (Ainley et al., 1998) . Shellflex 212 oil was used as the working fluid for the study of the effect of the pump rotational speed. Diala oil was used as the working fluid for the study of the effect of the varying the oil viscosity.
Each blade passage was defined by a pressure, suction, core and shell side as shown in Fig. 1 . For each pump plane a measurement grid of 9 core-toshell by 37 blade-to-blade relative positions was resolved as described by Ainley et al. (1998 confidence in the average velocities. The instantaneous angular positions of the pump and turbine were recorded for each valid velocity signal from the shaft encoders on both the pump and turbine shafts. .
For reference, the Reynolds numbers were calculated for the exit plane for all the operating conditions and are included in Table I . The Reynolds number, Re VDh/u, was calculated in two ways: (i) based on the through-flow velocity and (ii) based on the pump tip speed. For both methods of calculation, the hydraulic diameter, Dh, equals 4ALP, where A is the area of the measurement plane and P is the wetted perimeter. The hydraulic diameter was 0.01901 m in the pump exit plane. For the Reynolds number calculation based on the through-flow, V is simply the average through-flow velocity in that plane, and for the calculation based on the tip speed, V is the velocity of the tip of the pump blade (V-rc).
RESULTS AND DISCUSSION
As previously described, experimental data was obtained for two pump planes at ten different test conditions. The first three test conditions were used to determine the effect of varying the pump speed while holding the speed ratio constant and thus to complement the data of Gruver et al. (1996) . The remaining conditions were used to determine the effect of varying the oil viscosity and thus Reynolds number on the pump flow field; for these tests two different oils were utilized. All velocities shown herein are relative to the rotating pump frame. Mass flows, slip factors, and vorticities were calculated from the average velocity data. Torque fluxes are derived from the angular momentum fluxes and slip factors are determined from the relative tangential velocities.
Effect of Pump Rotational Speed
Mass flux The mass flows were calculated for the mid-and exit planes from the experimental data by integrating the through-flow velocity multiplied by the area and density across the entire measurement plane. The small differences between the mass flows from the mid-plane to the exit plane are well within the calculated mass flow uncertainties. The measured mass flow rate for the two planes and three speeds are shown in Fig. 2 for the speed ratio of 0.800 and Shellflex oil. The mass flow rate increases as the pump speed is increased. Although the increase is approximately linear with rotational speed, the mass flow rate is not proportional to rotational speed. Also presented in To identify mass flux distributions for SR=0.800 Figs. 3 and 4 are presented for two pump rotational speeds. Figure 3 shows the mass flux distribution from pressure-to-suction (bladeto-blade) for both planes at speeds of 314 and 550 rpm. For this figure the mass flux was averaged from core to shell. For both planes, the highest mass flux is located at 10-20% of the pressure-to-suction surface. Near the suction side of the blade passage the mass flow is minimal and actually negative for high speed ratios in the mid-plane, indicating reverse flow. The core-to-shell mass flux distribution for both the mid-and exit planes at the same speeds is shown in Fig. 4 . For this figure the mass flux was averaged from pressure to suction surface. Near the core side of the blade passage the mass flux is nearly zero in both the mid-and exit planes; the mass flux increases steadily towards the shell side of the passage in both planes. The Fig. 9 along with the values predicted for a 27-blade conventional centrifugal pump by Stodola (1945) , Busemann (1928) , and Wiesner (1967 The calculated values of the slip factor from measurements at the torque converter pump midplane are similar to the predicted values based on centrifugal pump data. This small difference can be attributed to the fact that, as previously indicated, the torque converter pump operates similar to a centrifugal pump especially in the inlet to mid-plane section (the through-flow is in the radial direction).
The values of the slip factor for the exit plane do not, however, agree as well with the predicted values. The measured slip factor values are significantly higher than the predicted values. The additional chord length from the mid-plane to the exit plane (nominal chord length between the inlet and exit plane is 2.2 times greater than from the inlet to the mid-plane) provides additional guidance to the flow and produces a higher slip factor (less slip) than for a normal centrifugal pump. Pump Rotational Speed, rpm FIGURE 9 Pump slip factor as a function of pump rotational speed.
Effect of Oil Viscosity
Mass flow rate The mass flows were calculated for the mid-and exit planes from the experimental data again using the through-flow velocity. The small differences between the mass flows from the mid-plane to the exit plane are again well within the calculated mass flow uncertainties. The measured mass flow rate for the two planes, Diala oil, and three Reynolds numbers are shown in Fig. 10 for both speed ratios. The mass flow rate decreases as the Reynolds number is increased. Also presented in The effect of an increasing Reynolds number is seen to increase the size of the separation region and also decrease the size of the high velocity region. In general the characteristic shape of the through flow velocity field is unaffected by the Reynolds number. As the Reynolds number increased, the diagonal line dividing the two regions moves from the 1. While the pump speed was increased from 314 to 1100 rpm and the speed ratio held constant at 0.800, the mass flows increased in the midplane from 3.1 to 14.0 kg/s and increased in the exit plane from 3.2 to 14:9 kg/s. Economic and environmental factors are creating ever greater pressures for the efficient generation, transmission and use of energy. Materials developments are crucial to progress in all these areas: to innovation in design; to extending lifetime and maintenance intervals; and to successful operation in more demanding environments. Drawing together the broad community with interests in these areas, Energy Materials addresses materials needs in future energy generation, transmission, utilisation, conservation and storage. The journal covers thermal generation and gas turbines; renewable power (wind, wave, tidal, hydro, solar and geothermal); fuel cells (low and high temperature); materials issues relevant to biomass and biotechnology; nuclear power generation (fission and fusion); hydrogen generation and storage in the context of the 'hydrogen economy'; and the transmission and storage of the energy produced.
As well as publishing high-quality peer-reviewed research, Energy Materials promotes discussion of issues common to all sectors, through commissioned reviews and commentaries. The journal includes coverage of energy economics and policy, and broader social issues, since the political and legislative context influence research and investment decisions. 
